Summary
Introduction
The normal total cobalamin content of serum or plasma varies widely among mammals, ranging from a few hundred pmol/l in man to many thousand pmol/l in the rabbit (Kato, 1960) . As far as is known, only man has methylcobalamin as the major plasma form of the vitamin (Lindstrand & Stahlberg, 1963; Linnell, Mackenzie & Matthews, 1969) . In all other species investigated deoxyadenosylcobalamin predominates (Peters, Linnell, Correspondence: Dr J. C. Linnell Quadros, Matthews, Wise & Linnell, 1976) .
The plasma cobalamins are carried by proteins whose total binding capacity may exceed the endogenous cobalamin concentration by a considerable margin. At least three cobalamin-binding proteins are separable by Sephadex G-200 chromatography:
transcobalamin 0, transcobalamin I and transcobalamin 11. Transcobalamin 0 is a minor vitamin B,,-binding protein whose molecular weight has been estimated as 810000 (Natori, 1971) ; studies by immunoelectrophoresis and radioautography have demonstrated that transcobalamin 0-binding is due to vitamin B,, attached to a,-macroglobulin (Natori, 1971; England, 1974) .
Transcobdamin 1 is a glycoprotein antigenically similar to the R binders present in tissues and tissue fluids from many species: e.g. fluids such as milk (Gregory & Holdsworth, 1955) , tears, saliva, urine, amniotic fluid and bile (Glass, 1974; Grasbeck, Visuri & Stenman, 1972; Kumar, Rathi & Meyer, 1976) , and tissues such as pyloric mucosa, salivary glands (Grasbeck & Visuri, 1968; Hurliman & Zuber, 19691, erythrocytes and granulocytes (Grasbeck, 1969) . On Sephadex G-200, transcobalamin I elutes with apparent molecular weight 120000 (Hom, Olesen & Lous, 1966; Stenman, Simons & Grasbeck, 1968; because the branched side chains retard elution, the true molecular weight being 56000 by sedimentation equilibration ultracentrifugation and 58 200 by amino acid and carbohydrate analysis (Allen & Majerus, 1972a (Stenman, 1974) . The binder which has been given the term transcobalamin 111 (Bloomfield & Scott, 1972) merely represents partial separation of the least acidic isoproteins (PI > 3.5) by ion-exchange chromatography (Stenman, 1974) .
Transcobalamin I1 elutes on Sephadex G-200 chromatography after transcobalamin I and has apparent molecular weight 36 000-38 000 (Hom et al., 1966; Hom & Olesen, 1969) , although the protein is composed of two subunits of molecular weights 38 000 and I 25 000 with no carbohydrate moieties (Allen & Majerus, 1972b) .
In man almost all the total serum cobalamin is found on transcobalamin I (Pitney, Beard & Van Loon, 1954; Mendelsohn, Watkin, Horbett & Fahey, 1958; Miller & Sullivan, 1959; England, Down, Wise & Linnell, 1976; Hall, 1977; MacDonald, Farquharson, Bessent & Adams, 1977) although estimates have varied from 70 to 95%. Labelled cobalamins administered orally or intravenously become bound both to transcobalamin I and transcobalamin 11, but the radioactivity attached to transcobalamin I1 has a much shorter life than that on transcobalamin 1 (Hall & Finkler, 1963; Hom et al., 1966; Horn, 1967; Hom & Olesen, 1969; England, Clarke, Down & Chanarin, 1973a) .
A distinct cross-reaction between anti-(rabbit transcobalamin 11) antiserum and the serum cobalamin binders from 13 mammalian species has been demonstrated by double immunodiffusion assay, and purified rabbit transcobalamin I1 has been shown to promote the cellular uptake of cyanocobalamin by cells from various other animals (Tan & Blaisdell, 1976) . In the rat, dog, rabbit and rhesus monkey, proteins corresponding to transcobalamin I1 also appear to have a role in cobalamin transport (Rappazzo & Hall, 1972; England et al., 1973b; Finkler & Green, 1973; Cooksley, England, Louis, Down & Tavill, 1974; Schneider, Burger, Mehlman & Allen, 1976; Rothenberg, Weiss & Cotter, 1978) . However, little is known about the distribution of endogenous cobalamin among the transcobalamins in these or other animals. In the present study we have therefore estimated the total cobalamin attached to each of the cobalamin-binding proteins in 10 mammals and compared the results with those obtained in man.
Materials and methods
The mammalian orders studied were the following. Primates: man (Homo supiens); guinea baboon (Pupio papio); Patas monkey (Erythrocebus patas); brown capuchin monkey (Cebus apella). Carnivora: cat (Felix catus); puma (Felis concolor); dog (Canis familiaris). Artiodactyla: sheep. Rodentia: rat; guinea pig. Lagomorpha: rabbit.
Blood from each animal was collected in tubes containing EDTA anticoagulant and the plasma separated without delay to prevent contamination from cellular cobalamin binders. Samples were stored at -2OOC until required. Plasma (4 ml) was chromatographed at 4OC on a Sephadex G-200 column, 100 cm x 2.5 cm, 100 x 5 ml fractions being collected (England, Clarke, Down & Chanarin, 1973a) . A column was freshly prepared for each experiment. The absorbance of each fraction was measured at 280 nm and its total cobalamin concentration determined by radioisotopic assay (Matthews, Gunasegaram & Linnell, 1967; England et al., 1976) . The sensitivity of the assay was well below 4.6 pmol/l over the required range of total cobalamin concentrations (5-1 8 pmol/l) (England et al., 1976) .
The transcobalamin peaks were identified by comparing the absorbance profile with that obtained when 1 ml of plasma containing 1.48 pmol of [57Colcyanocobalamin was subsequently chromatographed on the same column (England et ul., 1976) . This second chromatograph with L'7Colcyanocobalamin was necessary to calibrate the Sephadex G-200 column, since the addition of trace quantities of labelled cobalamin to the 4 ml of unlabelled plasma would have interfered with radioassay of the fractions.
Results
When plasma was chromatographed with added ["Colcyanocobalamin, transcobalamin 0 could be recognized as a peak eluting in the void volume and transcobalamin I1 was seen as a peak eluting after albumin. The apparent molecular weight of transcobalamin I1 found in plasma from the dog was the same as that of human transcobalamin I1 ( Fig. 1) and similar results were obtained in all of the other species investigated. No peaks eluted in the position corresponding to human transcobalamin I.
The distribution of the endogenous plasma total cobalamin between the transcobalamins in ten species of mammals is shown in Table 1 and compared with that in normal human subjects. The puma had the lowest total plasma cobalamin (158 pmol/l) and the rabbit, with more than 40 times this $ From the rabbit plasma a small peak containing 357 pmol of total cobalamin/l eluted with an apparent molecular weight 176O00 and in this and the other species indicated. a verv small peak of radioactivity was detected in a similar position when but no recognizable peak appeared in the position of transcobalamin I, except in human plasma. concentration, had the highest. Although in this respect there were wide differences between species, transcobalamin I1 carried the bulk of the endogenous plasma cobalamin in all the animals investigated. Transcobalamin 0 carried between 3 and 20% and the proportion attached to this binder appeared to be inversely related to the total plasma cobalamin. Small amounts of cobalamin were also recovered in fractions eluting between transcobalamin 0 and transcobalamin 11, but in no instance did this correspond to the position of human transcobalamin I. In the rabbit 5.3% of the endogenous plasma cobalamin was attached to a protein of apparent molecular weight 176 000 (Fig. 2) , and this protein also bound 0.6% of [57Colcyanocobalamin added to the plasma before chromatography.
Discussion
Our previous studies on human serum showed that transcobalamin I carries virtually all of the endogenous cobalamin (England et d., 1976) . Unlike the situation in man, the bulk of the plasma total cobalamin is attached to transcobalamin I1 in all ten mammals investigated. These represented five different orders and included three species of nonhuman primates. A protein apparently identical with human transcobalamin I1 has been detected in the mouse (Green, Savage & Hall, 1976 (Finkler & Green, 1973) and in all these species transcobalamin I1 is the major transport protein for the endogenous plasma cobalamin. Thus there is a striking difference in cobalamin transport between man and the other mammals studied. Transcobalamin I appears to be the major plasma cobalamin binder only in man; man is also the only species so far studied in which the bulk of the plasma cobalamin circulates as methylcobalamin (Table 1) (Lindstrand & Stahlberg, 1963; Linnell et al., 1969) . Transcobalamin 0 carried a small proportion of the endogenous cobalamin in the animals examined in this study. The proportion bound was least in those species with the highest total plasma cobalamin. This is perhaps not surprising since transcobalamin 0 binding is reported to be due to nonspecific attachment of cobalamin to a*-macroglobulin (Natori, 197 1; England, 1974) .
The only other major difference between species was in the plasma total cobalamin concentration. This varied widely, even in closely related animals such as the puma and the domestic cat, baboon and Patas monkey or guinea pig and rat. The reason for this variation is not clear, though it does not appear to be associated with diet, gut length or the practice of coprophagy or rumination.
We thought it possible th8.t there might be an evolutionary trend in the transcobalamins as has been suggested with vitamin D-transport proteins (Hay 8c Watson, 1976 , 1977 , but from the small number of mammals so far investigated none is apparent apart from man being the only species in which transcobalamin I is the major circulating cobalamin-binding protein. In the rat and rabbit, proteins of the same apparent molecular weight as transcobalamin I have been isolated from liver homogenates by Sephadex gel chromatography and shown to correspond to the cobalamindependent enzymes methionine synthase and methylmalonyl coenzyme-A mutase (Kolhouse 8c Allen, 1977b; Mellman, Youngdahl-Turner, Wil- lard t Rosenberg, 1977) . In contrast, our findings suggest that in many animals neither of these cobalamin-dependent enzymes circulates in the plasma. Since man appears to be the only species in which methylcobalamin predominates in plasma and much of this is attached to transcobalamin I (Nexca 8c Andersen, 1977; MacDonald et al., 1977) , it is possible that transcobalamin I may represent circulating methionine synthase holoenzyme.
